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The severe acute respiratory syndrome coronavirus (SARS-CoV) accessory protein 6 (p6) is a 63-amino- 
acid multifunctional Golgi-endoplasmic reticulum (ER) membrane-associated protein, with roles in en- 
hancing virus replication and in evading the innate immune response to infection by inhibiting STAT1 
(signal transducer and activator of transcription factor 1) translocation to the nucleus. Here, we dem- 
onstrate that p6 has an N-terminal region-cytoplasm—C-terminal region—cytoplasm configuration with 
residues 2 to 37 likely membrane embedded. Expression of p6, or of its N-terminal 41-amino-acid region, 
in the absence of other viral proteins, induced the formation of membranous structures, some of which 
were similar to double membrane vesicles involved in virus replication. Consistent with a role in virus 
replication, p6 partially colocalized with nonstructural protein 3 (nsp3), a marker for virus replication 
complexes. Further, while the C-terminal region is required for preventing STAT1 translocation to the 
nucleus, our results also indicated that the N-terminal 18 amino acids were necessary for maximal 
inhibition. Collectively, these results support the notion that p6 is a two-domain protein, although the 
function of each is not completely independent of the other. 


The severe acute respiratory syndrome coronavirus (SARS- 
CoV) was the causative agent for a severe respiratory disease 
outbreak that affected approximately 8,000 patients in 2002 to 
2003. Ten percent of infected patients died, with the highest 
mortality occurring in those over 60 years of age (35). SARS- 
CoV, a group 2 coronavirus, shares many characteristics with 
other coronaviruses, including a large positive-strand RNA 
genome and a novel mechanism of discontinuous transcription 
(27, 37). All coronaviruses encode at least four structural pro- 
teins (spike [S], nucleocapsid [N], transmembrane [M], and 
envelope [E]) and several accessory proteins of largely un- 
known function that are interspersed between and contained 
within the structural proteins at the 3’ end of the genome (26, 
42). SARS-CoV encodes eight accessory proteins (reviewed in 
reference 30). Four of these proteins appear to be virion as- 
sociated, although this is controversial (13, 14, 16, 32, 39). 
These accessory proteins are not required for virus replication 
in tissue culture cells when cells are infected at high multiplic- 
ities of infection (MOIs) (54). Previous studies have suggested 
that these proteins have anti- and proapoptotic activities, in- 
hibit interferon (IFN) signaling, and enhance virus virulence 
(5, 9, 17, 20, 22, 24, 30, 38, 39, 48, 53). 

One accessory protein, protein 6 (p6), encoded by open 
reading frame 6 (ORF6), is a 63-amino-acid membrane-asso- 
ciated protein with a hydrophobic N-terminal region of about 
41 amino acids and a hydrophilic C-terminal tail (see Fig. 1A). 
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p6 inhibits IFN signaling by binding via its C-terminal region to 
karyopherin «2, a nuclear import protein, thereby sequestering 
it in the cytoplasm and indirectly inhibiting translocation of 
STATI (signal transducer and activator of transcription factor 
1) to the nucleus (9). p6 inhibits nuclear import not only of 
STATI but of any cellular protein that contains a classical 
nuclear localization signal (15). 

The N-terminal region of p6 is predicted to form an amphi- 
pathic helix. By analogy with other a-helical viral membrane 
proteins, such as the hepatitis C virus (HCV) nonstructural 
protein 5A (NSSA) (36), this region might have a role in 
membrane rearrangement. SARS-CoV replication takes place 
on membrane scaffolds, largely originating from the endoplas- 
mic reticulum (ER) (19). Recent work suggests that nsp3, 
nsp4, and nsp6 are involved in the induction of double mem- 
brane vesicles (DMV) and convoluted membranes (CM), both 
involved in coronavirus replication (6, 33, 34). p6 is associated 
with Golgi membranes and the endoplasmic reticulum and 
colocalizes with nsp3 and nsp8, involved in virus replication, 
and with newly synthesized viral RNA (49). Deletion of p6 
from the SARS-CoV genome results in a delay in the kinetics 
of virus replication at a low MOI (55). Furthermore, p6 inser- 
tion into the genome of an attenuated strain of mouse hepatitis 
virus (MHV) enhances virus replication in tissue culture cells 
and virulence in mice (31, 38). In the presence of p6, MHV 
RNA and protein synthesis is detected at an earlier time 
postinfection (p.i.), resulting in enhanced production of infec- 
tious virus (15, 31, 38). Thus, the N-terminal region of p6 is 
predicted to have two functions: inducing membrane rear- 
rangement with enhancement of virus replication and stabili- 
zation of the C-terminal domain, enabling its binding to karyo- 
pherin «2. 
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MATERIALS AND METHODS 


Cells and viruses. 293T cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) (GIBCO, Grand Island, NY) supplemented with 10% fetal 
bovine serum (FBS). Murine 17Cl-1 cells were grown in DMEM supplemented 
with 5% tryptose phosphate and 5% FBS. Vero E6 cells were grown in DMEM 
supplemented with 10% FBS, 25 mM HEPES, 2% t-glutamine, and 1% nones- 
sential amino acids. For electron microscopy studies, 293T cells were transfected 
with 8 pg DNA by calcium phosphate transfection. For immunofluorescence 
studies or complementation assays, 17Cl-1 or Vero E6 cells, respectively, were 
transfected with DNA encoding each mutant using Lipofectamine 2000 (Invitro- 
gen, Carlsbad, CA). MHV-AS59 was grown in 17Cl-1 cells, and the titers of the 
virus were determined in HeLa cells expressing the MHV receptor, CEACAM1 
(carcinoembryonic antigen-related cell adhesion molecule 1) (51). Recombinant 
SARS-CoV (rSARS-CoV) or rSARS-CoV in which ORF6 had been deleted 
(tSARS-CoV-A6) was generated and propagated, and the titers of the virus were 
determined as previously described (55). 

Constructions of plasmids expressing p6 mutants. p6-HA was cloned as de- 
scribed previously and inserted into a pCAGGS vector using standard PCR 
techniques (38). pCAGGS-based plasmids expressing hemagglutinin-tagged p6 
(HA-p6), p6, and mutants A3-10 (mutant in which residues 3 to 10 had been 
deleted), A3-18, A11-18, A17-24, A23-30, A29-36, A35-42, and 7a-HA, were 
generated by PCR. p6-GFP and its mutants 1-41-GFP, 9-41-GFP, and 40-63- 
GFP were generated by PCR and insertion into a pEGFP-N1 vector (BD Bio- 
sciences Clontech, San Jose, CA). All plasmids were sequenced prior to use in 
experiments. 

Bacterial expression of p6. A construct expressing p6 flanked by N-terminal T7 
and C-terminal His tags was codon optimized for growth in bacteria and pro- 
duced synthetically (Geneart, Burlingame, CA). The construct was subcloned 
into a pET21a vector and expressed in Escherichia coli BL21(DE3) cells (In- 
vitrogen, Eugene, OR). Protein was expressed at low levels after autoinduction 
in high-density cultures (45). T7-p6-His was purified by affinity chromatography 
using a cobalt-based metal affinity chromatography resin (Talon; Clontech Lab- 
oratories Inc., Mountain View, CA). Routinely, 0.1 to 0.5 mg/liter of protein was 
obtained. 

Circular dichroism. Spectra were recorded using an Aviv 62DS instrument 
with a 0.1-cm-path-length quartz cuvette and by scanning from 260 to 205 nm in 
0.5-nm increments. Five scans were averaged for each sample. The spectra were 
determined in 50 mM Na,HPO, (pH.8.0), 100 mM NaCl, and either sodium 
dodecyl sulfate (SDS) (5.2 mM) or dodecylphosphocholine (DPC) (3 mM). 

Cysteine modification assays. The cysteine modification assay was performed 
as previously described (50). Briefly, 293T cells were transfected with 4 pg 
pCAGGS vector expressing either unmodified p6 or a mutant with one of the 
following residues substituted with a cysteine: F2, D6, E13, R20, R23, D30, R38, 
or E59. Mutants were generated using a QuikChange site-directed mutagenesis 
kit (Stratagene, La Jolla, CA). All proteins were hemagglutinin (HA) tagged. At 
20 h posttransfection, the cells were harvested and resuspended in HCN buffer 
(50 mM HEPES [pH 7.5], 150 mM NaCl, 2 mM CaCl,). The cells were treated 
with either 0.01% digitonin or 1% Triton X-100 and incubated for 20 min at 4°C. 
Maleimide polyethylene glycol (maleimide PEG) (5 kDa) was added to each 
reaction mixture at a final concentration of 1 mM and allowed to react for 30 min 
at 4°C. Dithiothreitol (DTT) (20 mM) was added to each reaction mixture, and 
samples were incubated for 10 min at 4°C. Triton X-100 (1%) was added to each 
reaction mixture. Proteins were separated on a 15% SDS-polyacrylamide gel and 
detected using mouse anti-HA antibody, followed by streptavidin-horseradish 
peroxidase (HRP)-conjugated anti-mouse antibody (Jackson Immunoresearch). 

Immunofluorescence assays. 17Cl-1, 293T, and Vero E6 cells were used in 
these studies. 17Cl-1 cells were used in studies of localization, since these cells 
have a well demarcated Golgi apparatus, 293T cells were used in instances where 
electron microscopy studies were performed in parallel to facilitate high levels of 
transfection, and Vero E6 cells were used in STAT1 translocation studies to 
eliminate the effects of endogenously expressed IFN. The cells were cultured on 
poly-L-lysine-treated coverslips (BD Biosciences), fixed with 4% paraformalde- 
hyde, and permeabilized with 0.2% Triton X-100 in phosphate-buffered saline 
(PBS) or 0.005% digitonin in 300 mM sucrose, 100 mM KCI, 2.5 mM MgCl, 1 
mM EDTA, and 10 mM HEPES (pH 6.9). HA-tagged p6 was detected using 
mouse anti-HA antibody (Covance, Berkeley, CA), followed by fluorescein iso- 
thiocyanate (FITC)-conjugated donkey anti-mouse antibody (Jackson Immu- 
noresearch, West Grove, PA). In some experiments, Golgi membranes were 
labeled with rabbit antigiantin (Covance) followed by Cy3-conjugated donkey 
anti-rabbit antibody (Jackson Immunoresearch). The ER was labeled with mouse 
anti-KDEL (KDEL stands for Lys-Asp-Glu-Leu) (Stressgen, Victoria, British 
Columbia, Canada) or mouse anti-PDI (PDI stands for protein disulfide isomer- 
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ase) (Calbiochem, La Jolla, CA), followed by Cy3-conjugated donkey anti-mouse 
antibody. In STAT1 localization assays, cells were fixed with cold methanol and 
then detected using polyclonal rabbit anti-phospho-STAT1 (Tyr701) (P-STAT1) 
(Cell Signaling, Danvers, MA) antibody, followed by Cy3-conjugated anti-rabbit 
antibody. MHV nsp3 was detected with rabbit anti-nsp3 antibody (kindly pro- 
vided by Susan Baker, Loyola University), followed by Cy3-conjugated anti- 
rabbit antibody. SARS-CoV nsp8 was detected with rabbit anti-nsp8 antibody 
(kindly provided by Mark Denison, Vanderbilt University). Nuclei were stained 
with ToPro-3 (Molecular Probes, Carlsbad, CA). The cells were examined using 
a Zeiss confocal microscope. To obtain quantitative information about the levels 
of expression of the various constructs, the cells were transfected and examined 
by confocal microscopy at a fixed gain. The intensity of immunofluorescence was 
determined by visual inspection. Constructs were compared this way in 5 to 10 
independent experiments. 

SARS-CoV complementation assays. Vero E6 cells were transfected with 4.0 
pg DNA for 20 h, followed by infection with rsARS-CoVA6 or rSARS-CoV at 
an MOI of 0.01 PFU/cell. Infected cells were harvested at 8 h p.i., and viral titers 
were determined as described previously (55). For controls, cells were trans- 
fected with the same amount of empty vector. Transfection efficiency was deter- 
mined by green fluorescent protein (GFP) expression. This experiment was 
performed in a biosafety level 3 (BSL3) laboratory. 

Electron microscopy. The cells were fixed with 2.5% glutaraldehyde (in 0.1 M 
sodium cocadylate buffer [pH 7.4]) overnight at 4°C and then postfixed with 1% 
osmium tetroxide for 1 h. Following serial alcohol dehydration (50%, 75%, 95%, 
and 100%), the samples were embedded in Epon 12 (Ted Pella, Redding, CA). 
Ultramicrotomy was performed, and ultrathin sections (70 nm) were poststained 
with uranyl acetate and lead citrate. Samples were examined with a JEOL 1230 
transmission electron microscope (TEM) (Tokyo, Japan). 

Cryoultramicrotomy and immuno-TEM. The cells were fixed in 4% paraform- 
aldehyde with 0.2% glutaraldehyde in PBS, embedded in 10% gelatin, and frozen 
by direct immersion in liquid nitrogen. Ultrathin frozen sections (90 to 95 nm) 
were prepared using a Leica EM UC6 ultramicrotome (Bannockburn, IL) and 
then loaded onto a Formvar plus carbon-coated 300-mesh Ni grid. p6-GFP was 
labeled with rabbit anti-GFP antibody (Invitrogen, Eugene, OR), followed by 
10-nm gold-conjugated goat anti-rabbit antibody (EMS, Hatfield, PA). In dual- 
labeling experiments, samples were stained sequentially with anti-GFP antibody 
and 20-nm gold-conjugated anti-rabbit antibody (Ted Pella), extensively washed, 
and then blocked with normal goat serum prior to treatment with rabbit anti- 
nsp3 antibody and 10-nm gold-conjugated anti-rabbit antibody. The grids were 
treated with methylcellulose and uranyl acetate, and the samples were examined 
using a JEOL 1230 TEM. 


RESULTS 


Residues 2 to 37 form an a-helix and are membrane em- 
bedded. The predicted structure of p6 is an amphipathic a-he- 
lix (Fig. 1A and B) (31). To test this prediction, we initially 
expressed p6 with N- and C-terminal T7 and His tags, respec- 
tively, in bacteria and solubilized the resulting protein in mem- 
brane mimetics dodecylphosphocholine (DPC) and sodium 
dodecyl sulfate (SDS). Analysis by circular dichroism sug- 
gested that the protein was partially a-helical when solubilized 
in either detergent (Fig. 1C). The a-helix may form a hairpin 
or may be positioned parallel to the membrane. If the latter 
were true, the hydrophilic charged residues located on one side 
of the helix would likely be accessible to the cytosol. To deter- 
mine whether these residues were accessible at the cytosol- 
membrane interface, we individually replaced each charged 
residue within the N-terminal hydrophobic domain of p6-HA 
with a cysteine (Fig. 1B). This approach was feasible because 
unmodified p6-HA contains no cysteines. We then assessed 
whether the sulfhydryls could be modified by the membrane- 
impermeable reagent maleimide PEG (5 kDa) after selective 
membrane permeabilization with digitonin. We also mutated 
the phenylalanine (F) at position 2 to cysteine to determine 
how much of the N terminus was exposed to the cytosol. The 
p6-HA mutants were expressed in 293T cells, and cysteine 
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FIG. 1. p6 is predicted to contain an a-helix. (A) p6 sequence. Secondary structure predictions are indicated as helical (H), extended (E), or 
random coil (C). (B) Helical wheel projection of residues 1 to 38 of p6. Shaded circles represent hydrophobic residues while open circles represent 
hydrophilic residues. Arrows point to each amino acid that was replaced with a cysteine in the cysteine modification assay. (C) Circular dichroism. 
Far UV CD spectra were recorded as described in Materials and Methods using a protein concentration of 0.285 mg/ml (34.3 wM in 5.2 mM SDS) 
or 0.415 mg/ml (50 1M in 3 mM DPC). Ellipticity is shown in millidegrees (mdeg). 


modification of the proteins was examined by changes in elec- 
trophoretic mobility. We found that the cysteines at position 
R38 and E59 were readily modified after digitonin permeabi- 
lization, but E13, R20, R23, and D30 were not accessible to the 
modifying agent (Fig. 2A). F2 was also not membrane acces- 
sible. For a control, all proteins were modified, albeit to dif- 
ferent degrees, when the ER membrane was permeabilized 
with Triton X-100 (Fig. 2A). 

We previously showed that both the N and C termini were 
present on the cytoplasmic side of the membrane, using GFP- 
appended constructs (31). Given the inaccessibility of cysteine 
at position 2 to maleimide PEG, we reexamined this issue 
using p6 containing an N-terminal HA tag, since GFP may be 
large enough to modify p6 orientation. We assayed the acces- 
sibility of the HA tag on HA-p6 and p6-HA after selective 
permeabilization of the outer cell membrane with digitonin. 
We stained cells with either anti-PDI or anti-KDEL antibodies 
as controls, as these antibodies detect proteins that are known 
to localize in the ER lumen (8). PDI and KDEL were readily 
detected after treatment with Triton X-100, which permeabi- 
lizes all cellular membranes, but not after digitonin treatment 
(Fig. 2B). In contrast, we found that the HA tags of both 
p6-HA and HA-p6 were accessible after permeabilization with 
either digitonin or Triton X-100 (Fig. 2B), indicating that both 
the N and C termini of p6 were localized to the cytoplasmic 
side of intracellular membranes, in accordance with our pre- 
vious observations (31). 

From the results described above, residue 38 is exposed to 
the cytoplasm while residues 2 and 30 are membrane embed- 
ded. Since the residues from positions 31 to 37 are hydropho- 
bic, they are also likely to be embedded in the membrane (Fig. 
2C). The N terminus is probably located at the cytoplasm/ 
membrane interface, since residue 2 was not exposed to the 


cytoplasm but N-terminal GFP and HA tags were. Further, 
since the average length of a transmembrane a-helix is about 
21 residues (1), the N-terminal anchor region of p6 is too short 
to cross the membrane twice, making it unlikely that p6 con- 
tains a transmembrane domain. 

p6 induces membrane rearrangements. Infection with coro- 
naviruses induces formation of DMV and CM (10, 19, 43) (Fig. 
3A and B). These membrane structures are associated with 
viral RNA synthesis and are required for virus replication. p6 
enhances coronavirus replication at early times p.i. and con- 
tains an a-helix that may form a hairpin, characteristics found 
in cellular proteins, such as reticulons which are able to modify 
membrane curvature (40). Therefore, we reasoned that p6 
might function by inducing membrane changes that could serve 
as sites for virus replication. To examine this possibility, we 
used transmission electron microscopy (TEM) to visualize any 
membrane modifications induced by p6. 293T cells were trans- 
fected with p6-HA for 24 h and then processed for TEM. 
Expression of p6-HA induced formation of multiple small ves- 
icles of about 200 to 400 nm in the perinuclear region (Fig. 3C 
and D). Many of these small vesicles were in various stages of 
engulfing cytoplasmic material, and in some instances, 
“pinched-off” membrane vesicles were present within larger 
vesicles. The size and morphology of these vesicles were very 
similar to those of DMV formed during viral infection (Fig. 3B 
and D). These vesicular structures were not detected in cells 
transfected with empty vector or 7a-HA (data not shown). 7a 
is a membrane-associated SARS-CoV protein with multiple 
functions, but it is not believed to be involved in virus replica- 
tion (30). However, p6 was not required for DMV formation in 
SARS-CoV-infected cells, because similar numbers of struc- 
tures were detected in cells infected with SARS-CoV or SARS- 
CoV-A6, lacking p6 expression (Fig. 3E and F). 
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FIG. 2. Residues 2 to 37 of p6 are membrane embedded with both 
termini in the cytoplasm. (A) Each charged residue within the N- 
terminal hydrophobic domain of p6-HA, as well as the Phe at position 
2, was replaced singly with a cysteine and expressed in 293T cells. The 
cells were permeabilized with digitonin (top) or Triton X-100 (bottom) 
and then treated with maleimide PEG (MP) (5 kDa). SDS-PAGE was 
performed, followed by immunoblotting with anti-HA antibody. The 
positions of molecular mass standards (in kilodaltons) are indicated to 
the left of the gels. The position of the MP-modified band is indicated 
by the asterisk and small arrow to the right of the gels. WT, wild type. 
(B) 17Cl-1 cells were transfected with p6-HA or HA-p6 for 18 h and 
then fixed with 4% paraformaldehyde. The cells were permeabilized 
with either digitonin or Triton X-100 as indicated and then stained 
with anti-HA antibody (red). For both constructs, the HA tag could be 
detected with either method of permeabilization. Control experiments 
were performed by staining cells for two proteins in the lumen, PDI 
and KDEL. (C) Schematic diagram showing the putative conformation 
of p6 relative to intracellular membranes. Residues 2 to 37 are buried 
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We next examined cells transfected with p6-GFP. p6-GFP 
was chosen for these studies because GFP molecules are 
known to weakly dimerize (52). Overexpression of integral ER 
membrane proteins appended to GFP is sufficient to induce 
the formation of organized structures, such as stacked cister- 
nae, whorls, and sinusoidal arrays (2, 41). Thus, we reasoned 
that this property would increase the visibility of any mem- 
brane rearrangements induced by p6. In addition, GFP expres- 
sion provides a stronger signal than antibody detection in im- 
munofluorescence studies, and anti-GFP antibodies are more 
sensitive and specific than anti-HA antibodies for studies using 
immunoelectron microscopy (immuno-EM). Transfection of 
p6-GFP induced extensive membrane rearrangement, includ- 
ing membranous vesicles that resembled DMV (Fig. 4A and E) 
as well as membranous whorls (Fig. 4B), sinusoidal arrays (Fig. 
4C), and stacked cisternae (karmellae and lamellae) (Fig. 4F). 
These structures were detected in cells transfected with p6- 
GFP but not in GFP-transfected cells (Fig. 4D). We showed 
that pO was associated with these membranous structures by 
immuno-EM using an anti-GFP antibody (Fig. 4E and F). 
These membranes were partly derived from the endoplasmic 
reticulum (ER) and partially derived from Golgi membrane, 
since p6-GFP colocalized with KDEL (an ER marker) or gi- 
antin (a Golgi membrane marker) (Fig. 4G). Of note, only 
membranous vesicles were detected in p6-HA-transfected 
cells, suggesting that the GFP appendage was required for the 
other structures detected in cells transfected with p6-GFP. 

These data suggest that p6 has the ability to induce intra- 
cellular membrane rearrangement when expressed from DNA 
plasmids. To determine the relationship of these membrane 
structures induced by p6 to virus replication, we transfected 
cells with p6-GFP and then infected them with the A59 strain 
of MHV (MHV-AS59). We previously showed that p6 enhances 
growth of an attenuated strain of MHV-JHM (38), but MHV- 
AS59 grows to higher titers than any MHV-JHM strain and does 
not induce extensive syncytium formation, thus facilitating EM 
studies. We then examined the colocalization of p6-GFP and 
nsp3 in infected cells. nsp3 is commonly used as a marker for 
DMV and for sites of virus replication, although it should be 
noted that nsp3 is detected in CM and not in the interior of 
DMV, where the bulk of viral RNA is found (19). By confocal 
microscopy, we detected a moderate amount of overlap be- 
tween p6-GFP and nsp3 (Fig. 5A). While DMV and CM were 
detected in infected cells expressing p6-GFP or GFP, the 
large membranous structures described above were present 
only in p6-GFP-transfected cells. p6-GFP, but not nsp3, was 
detected in these structures (Fig. SC). p6-GFP and nsp3 
were detected in close proximity at other sites in the perinu- 
clear areas in infected cells, most likely on membranes of 
small vesicles (Fig. 5D). We also showed that p6-GFP co- 
localized with nsp8, another protein involved in viral repli- 


in the membrane, although the N-terminal amino acids are likely to be 
near the membrane/cytosol interface. Although drawn as an extended 
structure, the precise structure is not known, and p6 may actually form 
a hairpin. Mutated residues were located in the membrane (inacces- 
sible to maleimide PEG [red]) or in the cytosol (accessible [green]). 
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FIG. 3. p6-HA-induced formation of small double membrane vesicles. (A and B) 17CI-1 cells were infected with MHV-A59 for 20 h and 
prepared for TEM. DMV (arrowhead) and CM (arrow) were readily detected, in agreement with previous results (10, 19, 43). (C and D) 293T 
cells were transfected with p6-HA for 24 h and then processed for TEM. p6 expression induced formation of vesicles (C and D) that were similar 
to DMV detected in MHV-infected cells (A and B). (E and F) Vero E6 cells were infected with rsARS-CoV (E) or rSARS-CoV-A6 (F). Similar 
numbers of DMV were detected in cells infected with either virus. Bars, 1 4m (A, C, E, and F) and 100 nm (B and D). 
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or GFP (D) for 24 h and then prepared for TEM (A to D), immuno-EM (E and F), or confocal microscopy (G). Ten-nanometer gold particles 
indicate the presence of p6-GFP (E and F). p6-GFP induced and is localized with membranous vesicles (A and E), whorls (B), sinusoidal arrays 
(C), and lamellae (F). Bars, 200 nm (A to C and E and F) and 1 ym (D). (G) p6-GFP induced membrane structures were derived from ER and 
Golgi membranes. Green shows p6-GFP, red shows giantin (Golgi membrane marker) or KDEL (ER marker), and blue shows nuclei stained with 


ToPro-3 (blue). 


cation, in p6-GFP expressing Vero E6 cells that were in- 
fected with rsARS-CoV-A6 (Fig. 5B). 

Expression of the N-terminal part of p6 was sufficient to 
complement growth of p6-deleted rSARS-CoV and to induce 
membrane rearrangement. The N-terminal region of p6 is 
hydrophobic and is predicted to be responsible for the appear- 
ance of the membranous vesicles, stacked cisternae, membra- 
nous whorls, and sinusoidal arrays described above and for the 
enhancement of viral replication. To determine whether the N- 
terminal region could, in fact, perform these functions in the 
absence of C-terminal sequences, we constructed a set of p6 
deletions, including 1-41-GFP, 9-41-GFP, and 40-63-GFP, and 
used them to complement growth of rSARS-CoV-A6, as de- 
scribed previously (55) and in electron microscopy studies. 
1-41-GFP and 9-41-GFP showed localization patterns similar 
to that of p6-GFP, overlapping with the Golgi membrane 
marker, giantin (Fig. 6A). As expected, deletion of the N- 
anchor region (40-63-GFP) disrupted its association with 
membranes so that its localization was indistinguishable from 
that of GFP (Fig. 6A). 

We previously showed that rSsARS-CoV-A6 grew to titers 
lower than those of rsARS-CoV in Vero E6 cells and that this 
defect was complemented if p6 was provided in trans by ex- 
pression of p6 tagged with HA (55). GFP-tagged constructs 
were used in the assays shown in Fig. 6B to facilitate identifi- 


cation of transfected cells prior to SARS-CoV infection. The 
transfection efficiency was approximately 70% based on GFP 
expression, and the mutant proteins were expressed at levels 
similar to that of the wild-type protein (data not shown). Sim- 
ilar to our previous results, we observed that p6-GFP comple- 
mented rSARS-CoV-A6 growth. We found that p6 expressing 
only amino acids 1 to 41 complemented rSARS-CoV-A6 
growth to a level similar to that of full-length p6, and even a 
construct expressing only residues 9 to 41 showed some en- 
hancing activity (Fig. 6B). As expected, a construct deleted in 
N-terminal residues 1 to 39 (40-63-GFP) was unable to com- 
plement rsARS-CoV-A6 at all (Fig. 6B). Consistent with these 
results, 1-41-GFP and 9-41-GFP both induced extensive mem- 
brane rearrangement in transfected cells (Fig. 6C). 40-63-GFP 
did not enhance rSARS-CoV-A6 replication or induce mem- 
brane rearrangement (data not shown). 

An intact N-terminal region was required for maximal in- 
hibition of STAT1 translocation to the nucleus. While the 
C-terminal region of p6 is required for karyopherin «2 bind- 
ing and inhibition of STAT1 translocation to the nucleus 
(9), the N-terminal region serves as a membrane anchor. To 
begin to define the structural requirements for this aspect of 
p6 function, we constructed a series of staggered 8 amino 
acid deletion mutants beginning at residue 17 and extending 
to residue 42. We also included two previously described 
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FIG. 5. p6 partially overlapped with nsp3. (A, C, and D) 293T cells 
were transfected with p6-GFP and MHV receptor CEACAM1 for 24h 
and then were infected with MHV-AS59 for 8 h. (B) Vero E6 cells were 
transfected with p6-GFP for 24 h and then infected with rSARS- 
CoV-A6 for 8 h. Samples were then processed for confocal microscopy 
(A and B) or immuno-EM (C and D). Green shows p6-GFP, red shows 
nsp3 (A) or nsp8 (B), and blue shows nuclei. Original magnification of 
panels A and B, X63. (C) p6-GFP was labeled with 20-nm gold, and 
nsp3 was labeled with 10-nm gold. Arrows point to nsp3. Bar, 100 nm. 
Note the lack of overlap in areas with p6-GFP-induced whorls (C) but 
the overlap in regions adjacent to whorls, associated with vesicles (C 
and D). 


J. VIROL. 


A p6-GFP 1-41-GFP 9-41-GFP 40-63-GFP GFP 


paises : a ail a a 2 — efi Fi so a 

FIG. 6. Expression of the N-terminal part of p6 was sufficient to 
complement growth of p6-deleted rsARS-CoV. (A) Localization of 
p6-GFP, 1-41-GFP, 9-41-GFP, 40-63-GFP, and GFP in 17CI-1 cells. 
Green shows GFP constructs, red shows giantin, and blue shows the 
nuclei. Original magnification, X63. (B) Vero E6 cells were transfected 
in triplicate with p6-GFP, 1-41-GFP, 9-41-GFP, 40-63-GFP, or control 
GFP vector and then infected with rSsARS-CoVA6 (black bars) for 8 h. 
GFP- or 6-GFP-transfected cells were also infected with wild-type 
(WT) rSARS-CoV as controls (white bars). Virus titers were deter- 
mined as described in Materials and Methods. The titers in 6-GFP-, 
1-41-GFP-, and 9-41-GFP-transfected cells were significantly higher 
than those in GFP-transfected cells (P < 0.05). The titers in 40-63- 
GFP- and GFP-transfected cells were not significantly different (P > 
0.5). Titers in 1-41-GFP- and p6-GFP-transfected cells were not sig- 
nificantly different (ND) (P > 0.5) but were different from those in 
9-41-GFP-transfected cells (P < 0.05). The data shown are represen- 
tative of 2 or 3 individual experiments. Statistical significance was 
calculated by Student ¢ tests. (C). Expression of 1-41-GFP or 9-41-GFP 
induced membrane rearrangement in 293T cells. Bars, 0.5 wm. 


deletion mutants, encompassing residues 3 to 10 and 11 to 
18 in these analyses. We then transfected Vero E6 cells with 
these p6-HA variants, treated them with 100 units/ml human 
gamma interferon (hIFN-y), and then examined the local- 
ization of STAT1 using an anti-phosphorylated-STAT1 (P- 
STAT1) antibody. Vero E6 cells were used in these assays 
because they lack endogenous IFN expression. The inhibi- 
tory effect was incomplete in the case of A3-10 and A11-18, 
in which STAT1 remained in the cytoplasm in less than 20% 
of the cells (Fig. 7A, shown for A3-10). All the other mu- 
tants were able to inhibit STAT1 translocation equivalently 
to native p6 (Fig. 7A, only A29-36 is shown). Differences in 
the ability to inhibit STAT1 translocation did not reflect 
differences in expression levels because A17-24, A23-30, 
A29-36, and A35-42, which were expressed at lower levels 
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FIG. 7. An intact N-terminal region is required for maximal inhi- 
bition of STAT1 translocation to the nucleus. (A) Vero E6 cells were 
transfected with wild-type or mutant p6-HA for 18 h and then treated 
with 100 units/ml human IFN-y for 30 min. (B) Comparison of expres- 
sion levels of p6, A3-10, and A29-36 showing that A29-36 is expressed 
at a level lower than that of either p6 or A3-10. (C) Localization of p6 
mutants in 17Cl-1 cells. Green shows wild-type or mutant p6-HA, red 
shows P-STAT1 (A) or giantin (C), and blue shows nuclei. Original 
magnifications, X40 (A and B) and X63 (C). 


than p6-HA, were able to inhibit STAT1 translocation (Fig. 
7A and B, only A29-36 is shown), whereas A3-10, which was 
expressed at a level similar to that of wild-type p6, did not 
(Fig. 7A and B). A simple explanation for these results is 
that the deletion mutants localized differently in cells than 
native p6. However, we found that deletion of amino acids 
3 to 10, 11 to 18, 17 to 24, 23 to 30, 29 to 36, or 35 to 42 did 
not significantly change the localization pattern, with sub- 
stantial costaining with the Golgi marker giantin (Fig. 7C). 
These latter assays were performed in 17ClI-1 cells, because 
Golgi membrane morphology is less distinct in Vero E6 
cells. 


ROLES OF N-TERMINAL REGION OF SARS-CoV p6 = 3549 


DISCUSSION 


Here, we show that SARS-CoV accessory protein p6 is able 
to distort membrane curvature, providing a possible explana- 
tion for its ability to enhance virus replication. p6 expressed 
with an HA tag induced vesicle formation, but its effects were 
most striking when expressed as a chimeric protein with GFP. 
GFP is known to weakly dimerize. When expressed as the 
cytoplasmic tail of an integral membrane protein, these weak 
interactions are sufficient to induce extensive membrane rear- 
rangements (2). Expression of p6-GFP most likely anchors 
GFP molecules in close proximity on membranes, thereby re- 
sulting in the formation of the membranous structures shown 
in Fig. 4. Such structures have been described previously and 
are believed to be smooth ER generated from non-ribosome- 
containing parts of the ER (41). They were not detected in 
cells infected with SARS-CoV or with MHV engineered to 
express p6, only in cells transfected with p6-GFP prior to 
infection. These structures were not sites of virus replication, 
since they did not colocalize with nsp3, a marker of virus 
replication (Fig. 5C). Rather, nsp3 appeared to overlap partly 
with p6 in the perinuclear areas where DMV are located (Fig. 
5D). Consistent with these findings, p6 overlaps with SARS- 
CoV nsp8, a putative primase involved in RNA replication 
(Fig. 5B) (21). Although the most dramatic membrane rear- 
rangement occurs only when p6 is overexpressed, it illustrates 
the ability of p6 to induce membrane curvature, which may 
facilitate DMV formation during a natural coronavirus infec- 
tion. 

Since p6 enhances virus replication at early times p.i. and at 
low MOI (55), this leads us to postulate that p6 is most effec- 
tive during early stages of infection when a small degree of 
membrane rearrangement might result in an increase in the 
number of replication complexes, and as a consequence, a 
detectable augmentation in viral RNA and protein synthesis. 
We could not detect a difference in the number and appear- 
ance of DMV by TEM when cells infected with rsARS-CoV or 
rSARS-CoV-A6 (Fig. 3E and F) were compared or when 
MHV expressing p6 or not expressing p6 was compared (data 
not shown). This likely occurred because the extensive mem- 
brane changes that occurred during infection made inapparent 
the subtle changes induced by the relatively small amounts of 
pO present in these cells. It should be noted that while p6 
overlap with replication-associated proteins is detected in all 
studies (Fig. 5) (21, 49), the extent of overlap is variable. This 
variability may reflect differences in cell strains, detergents 
used to permeabilize cells, or p6 expression levels. In the pres- 
ence of higher levels of p6, protein may localize at additional 
membrane sites within infected cells. Of note, p6 overlaps with 
the M protein in MHV-infected cells (38). Whether p6 also has 
a role in virus assembly requires further investigation. An al- 
ternative possibility, given its overlap with the M protein, is 
that virion-incorporated p6 enhances the initiation of viral 
replication. Although p6 has been detected in SARS-CoV viri- 
ons (14), we could not detect it in virions released from cells 
infected with recombinant MHV expressing p6 (49). This sug- 
gests that virion-associated p6 is not responsible for the ob- 
served augmentation of RNA replication, at least during MHV 
infection. 

Membrane rearrangement is critical for both positive-strand 
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RNA virus replication and the development of host cell struc- 
tures, including the ER. Another member of the nidovirus 
family, equine arteritis virus (EAV), uses a replication strategy 
similar to that of coronaviruses and also induces DMV and 
CM. nsp2 and nsp3 of EAV, when expressed in transfection 
assays, are able to induce membrane rearrangements nearly 
identical to those observed in infected cells (44). Membrane 
rearrangement as a critical component in RNA virus replica- 
tion is not limited to nidoviruses, as this phenomenon is also 
detected in cells infected with picornaviruses and other posi- 
tive-strand RNA virus viruses (reviewed in reference 28). Ex- 
pression of poliovirus transmembrane proteins 2BC and 3A, in 
isolation, is sufficient to induce membrane rearrangements 
similar to those detected in infected cells (46). 

Unlike these viral proteins, p6 does not contain a transmem- 
brane domain. Residues 2 to 37 in the N-terminal region form 
an a-helix and are buried in the cytoplasmic membrane. It 
should be noted that the cysteine modification assay (Fig. 2A), 
used as the basis for this conclusion, has limitations that tem- 
per conclusions concerning the geometry of polar residues in 
the stretch from positions 2 to 37. Amino acids that contain a 
long alkyl side chain, including arginine, can “snorkel” from 
deep within membranes to present their polar head groups into 
the aqueous environment (29). What can be inferred is that the 
alpha-carbon core of the p6 sequence from positions 2 to 37 is 
largely occluded from the cytoplasmic environment (Fig. 2C). 
p6 most likely forms a hairpin, although because of this caveat, 
it remains possible that p6 lies parallel to the lipid bilayer. 

This predicted structure of p6 is closer to that of host cell 
membrane proteins, such as members of the DP1/reticulon 
family, and viral proteins, such as HCV nonstructural proteins 
4B and 5A and brome mosaic virus (BMV) protein 1a (11, 12, 
25, 36, 40). DP1 and reticulon proteins are monotopic and 
form hairpins, which are postulated to cause sufficient mem- 
brane distortion to result in curvature (40). HCV NS4B, NSSA, 
and BMV protein la have also been shown to contain an 
a-helix and induce membrane curvature involved in formation 
of viral replication complexes. Among them, HCV NSSA, also 
a monotopic protein, is postulated to lie in the cytoplasmic 
leaflet of the intracellular membrane (3, 36). The localization 
patterns of NSSA and p6 are quite similar, with both overlap- 
ping Golgi-ER markers (3) (Fig. 4G). There are also func- 
tional similarities, since both proteins facilitate viral replication 
and antagonize the IFN response, although through different 
mechanisms. HCV NSSA antagonizes the IFN response by 
suppressing STAT1 phosphorylation in hepatocyte-derived cell 
lines and inhibiting IFN-induced protein kinase PKR activa- 
tion (23, 47). 

In addition to enhancing virus replication, p6 interferes with 
IFN signaling by binding karyopherin a2 via its C-terminal 
hydrophilic residues, thereby indirectly inhibiting STAT1 
translocation to the nucleus (9). Our results show that the 
N-terminal membrane-associated region is also required for 
this function, but no region of 8 amino acids in the N terminus 
is absolutely required for this function (Fig. 7A). However, 
deletion of residues 3 to 10 or 11 to 18 resulted in less inhibi- 
tion of STAT! translocation compared to the other deletions 
(Fig. 7A). An a-helix of variable length is predicted to be 
present in all of the 8 amino acid deletions that we analyzed, 
including A3-10 and A11-18 (NNPREDICT and PSIPRED) (4, 
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7, 18). Further, our results showed that none of these deletions 
significantly changed the localization of p6. It is possible that 
deletions at the N-terminal region affect an additional function 
of p6, such as interacting with other host or viral proteins, 
thereby decreasing p6’s ability to inhibit STAT1 nuclear trans- 
location. Further, the fact that 9-41-GFP localized similarly to 
1-41-GFP but only partially complemented the growth of 
SARS CoV-A6 (Fig. 6) is consistent with an additional role for 
the N-terminal region. 

In conclusion, our results show that the N-terminal region of 
p6 is sufficient to induce membrane rearrangement and en- 
hance virus replication. The effects of p6 on SARS-CoV rep- 
lication are relatively modest in tissue culture cells and in mice. 
However, this protein has been conserved as the virus jumped 
species from bats to infect palm civets and humans, suggesting 
that this protein has an important role in viral infection in its 
natural host. 
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